An integrated, high-resolution chemostratigraphic (C, O and Sr isotopes) and magnetostratigraphic study through the upper Middle Cambrian -lowermost Ordovician shallow-marine carbonates of the northwestern margin of the Siberian Platform is reported. The interval was analysed at the Kulyumbe section, which is exposed along the 
Geological settings
The isotopic profile presented in this paper derives from several outcrops along the Kulyumbe River, located ~100 km E of the Enisej River (~68.0º N; 88.7-89º E), at the northwestern margin of the Siberian Platform (Rozova, , 1984 Sokolov, 1982; Rozanov et al. 1992; Pavlov & Gallet 1998 , 2001 (Fig. 1) . The Middle CambrianLower Ordovician sediments are exposed along ca 10 km of the Kulyumbe River, including in ascending order: the upper Ust'-Brus, Labaz, Orakta, Kulyumbe, Ujgur, and lower Iltyk formations (Fig. 2 ). These deposits are described in several published studies, such as Rozova, 1963 Rozova, , 1964 Rozova, , 1984 Rozova & Yadrenkina, 1967; Datsenko et al. 1968. 7 Secondary standards used were NBS-19, IAEA-CO-1, IAEA-CO-8, and an internal laboratory standard, CARM-1.
The ThermoFinnigan Gasbench II enables a precision of the carbonate analyses that is better than ±0.1‰ for carbon and oxygen, which is comparable to dual-inlet techniques typically used for such a purpose. Powdered samples were loaded into septum-capped 12 mL glass vials (Labco exetainer) and placed into a heated block at 70ºC (40 vials per run including 6 vials with the secondary and in-house standards). The vials were then successively flush-filled with helium (~6 min/vial), loaded with a few droplets of 100% orthophosphoric acid by a microliter pump, and analysed using an autosampler (~20 min/vial). The time interval between the beginning of sample digestion by orthophosphoric acid and measurements of isotope ratios in the resulting CO 2 gas was ~80 min.
Concentrations of major and trace elements (see Table 1 of Supplementary material) were measured with ICP-OES (Varian Vista Pro Ax) at the Department of Geology and Geochemistry, Stockholm University. Rock powder samples of 50 mg were dissolved in 2.5 ml ultrapure 7M HNO 3 . After addition of distilled water the final volume of solution in each vial reached 50 mL. Mn/Sr and Mg/Ca ratios are used to estimate meteoric alteration and dolomite components of carbonates, respectively. These proxies were analysed from the Kulyumbe, Ujgur, and Iltyk formations, where dolostones abound and alternate with limestones.
Geochemical data from 70 additional samples collected in 1994 along the same Kulyumbe River section are also presented here (Table 2 of For Ca, Mg, Mn, Fe and Sr contents of the 1994 samples, 5-10 mg of powdered sample was dissolved in 10 mL of 2% HCl and analysed using a Varian AA 300 Atomic Absorption Spectrometer. The same powders were used for isotopic analyses. For stable isotopes, 1-5 mg of sample was reacted offline with 100% orthophosphoric acid at 50°C and analysed using a Finnigan 251 mass spectrometer. Analytical reproducibility for both δ 13 C and δ
18
O was within 0.1‰.
Sr isotope analyses were carried out on acetic acid leachates after an initial preleach with 0.01N HCl, which removed up to 10% of the sample. Leaching experiments were carried out to test the efficacy of this technique (see below). Standard techniques were used to concentrate Sr for analysis (Ebneth et al., 2001; Shields et al., 2003) , and measurements were done on a Finnigan 262 thermal ionisation mass spectrometer under the supervision of D. Buhl. International standard NBS SRM 987 yielded 0.710231, which represents the mean value over 4.5 years and 550 measurements with a standard deviation (1 SD) of 38 x 10 -6 and a standard error of 17 x 10 -6 .
Five bulk limestone powders (K15, K17, K19, K20, and K21) were selected arbitrarily to test the efficacy of the strong acid preleach (Table 3 of Supplementary material available online at http://pangaea.de). They were all prepared in identical fashion. Initially, they were washed in a dilute solution of HCl (0.01 N), the supernate being retained for analysis. Thereafter, the residue was dissolved in 1 M acetic acid. The same powders were also prepared without any preleach using 1 M acetic acid and 2.5 N HCl in separate experiments. The preleach was more radiogenic than the subsequent acetic acid leach in all five cases, with the difference ranging from 9 x10 -6 to 86 x10 -6 . In two out of five instances, the preleach was also significantly more radiogenic than the 2.5 N HCl bulk carbonate leach. In every case, the preleached 1 M acetic acid procedure yielded a less radiogenic ratio than the non-leached acetic acid procedure; however, the difference was only statistically significant in one case out of five, Ku 19 (39 x10 -6 ).
Results of the geochemical analyses
The Kulyumbe profile exhibits δ
13
C values which plateau around zero through the upper Ust'-Brus and Labaz formations, followed by a decreasing trend that includes minor oscillations with a peak-to-peak amplitude of 1-2‰ in the Orakta and lowermost
Kulyumbe formations (Fig. 2 ). In the Yurakhian Horizon of the Kulyumbe Formation the Carbon isotope values from the earlier Ottawa-Bochum dataset (Table 2 of Supplementary material) are consistent with the higher resolution dataset herein, and with published data from Siberia (Brasier & Sukhov, 1998; Derry et al. 1994 
The Middle-Upper Cambrian boundary in the Kulyumbe section
Traditionally, the Middle-Upper Cambrian boundary on the Siberian Platform has been placed at the top of the Lejopyge laevigata-Aldanaspis truncata Biozone of the Mayan
Stage (Rozanov et al. 1992 , Geyer & Shergold, 2000 Fig. 2) . In the Kulyumbe section this level is usually traced to the boundary between the Labaz and Orakta formations (Rozova, 1963 (Rozova, , 1964 (Rozova, , 1984 and coincides with the base of the PedinocephalinaToxotis Biozone (Krasnov et al. 1983; Fig. 2 Khos-Nelege, situated on the northeastern Siberian Platform (Fig. 1) , is the reference section through the Middle-Upper Cambrian boundary in Siberia (Lazarenko & Pegel', 2001) . In this section, the boundary is now placed at the base of the (Fig. 1) , where almost all the trilobites are endemic (Rozova, 1963 (Rozova, , 1964 (Rozova, , 1984 Rozanov et al. 1992; Sukhov, 1997; Varlamov, Pak & Rozova, 2006) . Therefore, biostratigraphic correlation between these two sections is difficult, and alternative methods, such as chemostratigraphy, are needed.
No major δ 13 C oscillations are revealed from the upper Ust'-Brus, Labaz, and Orakta formations, correlated herein with the upper part of the Mayan Stage (Fig. 2) . This is in agreement with data from Brasier & Sukhov (1998) showing a plateau during this interval from the Siberian Platform and with the values oscillating near zero in Laurentia reported by Saltzman (2005) and China (Zhu et al. 2004; Peng et al. 2006 In addition to Siberia, SPICE excursion has been documented from Laurentia (Saltzman, Runnegar & Lohmann, 1998; Saltzman et al. 1995 Saltzman et al. , 2000 Saltzman et al. , 2004 Glumac & Walker, 1998; Buggisch (in press )), Australia (Saltzman et al. 2000) , Kazakhstan (Saltzman et al. 2000) , China (Saltzman et al. 2000; Peng et al. 2004; Zhu et al. 2004) , Antarctica (Buggisch, 2006) , and Scandinavia (Ahlberg et al. 2006) (Fig. 4) . There is some uncertainty, however, in the position of the basal G. reticulatus Biozone with respect to the rising trend of the SPICE excursion (Saltzman et al. 2000) . Although the Middle-Upper Cambrian boundary is considered to correspond to the onset of the SPICE excursion, it is situated almost in the middle of the rising trend in its stratotype at Paibi (see Peng et al. 2004, fig. 6; Fig. 4 herein) . In Kazakhstan, Australia and Laurentia, the
G. stolidotus-G. reticulatus boundary is associated with carbon isotope values of ca. 1‰
at the beginning of the rising trend (Saltzman et al. 2000 and Fig. 4 herein).
The two biozones constraining the Middle-Upper Cambrian boundary are now regarded as phylozones, because G. stolidotus is believed to be ancestral to G. reticulatus (Peng et al. 2004) . Non-evolutionary changes in trilobite complexes, such as migrations, have been suggested, however, to be common especially at the beginning of the G.
reticulatus Biozone (Rozanov et al. 1992) . Palmer (1965 Palmer ( , 1979 also noted that diachronous boundaries of biostratigraphic units occurred in the Middle and Upper
Cambrian, but he later suggested that the difference was not significant for biostratigraphic correlation (Palmer, 1984) .
A combined carbon isotopic curve through the Middle-Upper Cambrian strata at Paibi and Wa'ergang sections in South China is provided by Saltzman et al. (2000) (Fig.   4 herein; a vertical arrow in this combined profile indicates a junction between δ 13 C profiles of the Paibi section below and the Wa'ergang section above). Sampling intervals are rather large (several or more than ten meters), but a more detailed profile comprising 50 samples through the transitional 12 m at the G. stolidotus-G. reticulatus boundary in the Paibi section has been published (Peng et al. 2004) . The combined data from South
China suggest that the Middle-Upper Cambrian boundary in the stratotype is situated at the beginning of the rising trend of the SPICE excursion. Carbon isotopic values through the transitional strata in Paibi oscillate between 1‰ and 2.5‰, with the boundary lying at 1.5-2.0‰ (Peng et al. 2004, fig. 6 ) and at ca. 3‰ in Wa'ergang (Saltzman et al. 2000) .
Values of ca. 3‰ at the level of first appearance of G. reticulatus are also reported from the Wangcun section in South China (Zhu et al. 2004) . A worldwide mass extinction of trilobites at the base of the Glyptagnostus reticulatus Biozone marks the beginning of the SPICE excursion (Saltzman et al. 2000) .
Eighty species from the Glyptagnostus stolidotus zone do not proceed into the G. Horizon. The trilobite fauna of the Yurakhian Horizon is completely renewed with respect to that of the Entsian Horizon (Fig. 2) , but in contrast with data from Saltzman et al. (2000) , there is no evidence for increase in diversity during the rising trend of the SPICE excursion in the Kulyumbe section. Although new species and genera of trilobites continue to appear throughout the Kulyumbe Formation (Datsenko et al. 1968; Rozova, , 1984 , the diversity generally declines ( Fig. 2 ; Table 4 of Supplementary material).
The trilobites from the Kulyumbe section are endemics (Rozova, 1963 (Rozova, , 1964 (Rozova, , 1984 Rozanov et al. 1992; Sukhov, 1997; Varlamov, Pak & Rozova, 2006) , and therefore their evolutionary pattern and diversity changes differ from those of forms with global distribution. Hence, the observed decline in diversity at Kulyumbe could be related to local palaeogeography and environments.
The Cambrian-Ordovician boundary in the Kulyumbe section
There are two distinct proposals for how to correlate the Kulyumbe section with the base of the Ordovician System. The first one places the Cambrian-Ordovician boundary on the Siberian Platform at the base of the Mansian Horizon (Krasnov et al. 1983 ; Fig. 2 ). In the second one (Rozova, , 1984 , the boundary is positioned at the base of the Nyajan Horizon. The latter option was supported by the Cambrian-Ordovician boundary
International Working Group in 1986 (Fig. 2) .
A lower boundary of the Ordovician System was finally ratified by the Cambrian- unknown beyond Argentina owing to lack of data from this stratigraphic interval (Buggisch, Keller & Lehnert, 2003) . Otherwise, the Upper Cambrian-Tremadocian portion of this curve can be satisfactorily correlated with other transitional profiles (Buggisch, Keller & Lehnert, 2003 ; Fig. 4 
herein).
There are apparently three positive excursions and four troughs above SPICE in the Kulyumbe section (Fig. 2) . The lower maximum is situated in the lower Khetian 
Strontium isotopic interpretation
Our data imply a subtle rise in seawater Pterocephaliid biomere in the USA (Saltzman et al. 1995) . Published micrite and conodont 87 Sr/ 86 Sr data show a subsequent decrease across the Cambrian-Ordovician boundary worldwide, from 0.7091 to 0.7090 (Saltzman et al. 1995; Ebneth et al. 2001) .
Strontium isotope ratios were as high during the Middle-Late Cambrian as they are today, and possibly even higher (Saltzman et al. 1995; Montañez et al. 2000) , which
indicates a unique importance during that time of chemical weathering on ocean 20 composition relative to that of submarine hydrothermal exchange with juvenile ocean crust (Ebneth et al. 2001 Transgondwanan orogenies (Squire et al. 2006 ).
Paleomagnetism
The detailed magnetostratigraphic log of the Kulyumbe section presented herein combines published magnetostratigraphic columns for the Middle Cambrian-Lower
Ordovician interval (Pavlov & Gallet, 1998 , 2001 , corrected, refined and complemented with additional data from the Orakta Formation (Table 1 of Supplementary material available online at http://pangaea.de).
Additional sampling in 1998 from the lower part of the Entsian horizon revealed three intervals of normal polarity instead of the two reported by Pavlov & Gallet (1998) (see Pavlov & Gallet, 2005, fig. 4 ; Fig. 2 (Fig. 2) .
Data from the Orakta Formation were obtained from samples collected in 1998
and yielded a very weak and noisy paleomagnetic signal. Isolation of characteristic paleomagnetic components from most of these samples was either impossible or very difficult. Nevertheless, some samples show a paleomagnetic two-component record (Fig.   6a ) suggesting a direction of the characteristic magnetization (Fig. 6c) . Some samples show three components of magnetization: less stable, recent (low-temperature) and traprelated (middle-temperature) ones, and a more stable, characteristic (high-temperature)
component. The mean paleomagnetic direction of the isolated characteristic component is close to that which is well defined from the Labaz and Kulyumbe formations. Some samples from the Orakta Formation do not allow determination of the direction of the characteristic component (Fig. 6b ), but their behavior during analyses indicates the polarity of the ancient magnetization (marked 'great circle' in Table 1 of Supplementary material). Given the overall low quality of the paleomagnetic record in the Orakta Formation, a corresponding polarity sequence needs to be confirmed by data from other sections and should therefore be considered as preliminary (indicated as 'low-quality signal' in Fig. 2 ).
Thus, a succession of 19-20 magnetic intervals from the Orakta and lower Kulyumbe formations can be added herein to 54-80 intervals previously reported by Pavlov & Gallet (2005) from the Middle Cambrian of Siberia. This number is probably again a minimum estimate, as many magnetic intervals have a small stratigraphic thickness of less than 1 m and are based on single samples. Our combined results confirm observations (Pavlov & Gallet, 2001; Gallet, Pavlov & Courtillot, 2003) that during the Middle Cambrian the geomagnetic reversal frequency was as high as 5-10 reversals per Ma, assuming a total duration of ~10 Ma and up to 100 magnetic intervals in the Middle Cambrian. By contrast, the sequence attributed herein to the Upper Cambrian on the grounds of chemostratigraphic correlation contains only 10-11 magnetic intervals, whereas there are 2-3 intervals in the lowermost Ordovician (lower Tremadocian) part (Fig. 2) . Hence, magnetostratigraphic data from the Upper Cambrian strata of the Kulyumbe section obtained by Pavlov & Gallet (1998) and adjusted herein show a oneorder-of-magnitude lower number of magnetic reversals than in the Middle Cambrian.
Upper Cambrian-Lower Ordovician magnetostratigraphic results from several sections, such as the Black Mountain in Australia , Dayangcha (Ripperdan, Magaritz & Kirschvink, 1993) and Tangchan (Yang et al. 2002) in China, Green Point in western Newfoundland, Bartyrbay in Kazakhstan, and from Texas (Ripperdan & Kirschvink, 1992) do not, however, provide a standardized magnetostratigraphic scale through the Cambrian-Ordovician interval (Cooper, Nowlan & Williams, 2000) . A tentative correlation of magnetostratigraphic zones of the Upper Cambrian-Lower Ordovician of China and Australia with the Kulyumbe section was provided by Pavlov & Gallet (2005) . It has been also reported that in general the geomagnetic field had a predominantly reversed polarity through the CambrianOrdovician boundary interval, but with episodes of normal polarity in the late Proconodontus, late Eoconodontus Biozones of the Upper Cambrian, and in the Early
Ordovician (Cooper, Nowlan & Williams, 2000) . As for the Middle Cambrian and most of the Upper Cambrian, paleomagnetic zonation is known only from the Siberian Platform (Pavlov & Gallet, 1998 , 2001 , 2005 .
Conclusions
The global SPICE excursion with amplitude of ca. +5‰ is found in the Yurakhian Horizon, in the middle part of the Kulyumbe Formation (Fig. 2) A continuous reversed polarity interval is observed through the SPICE event, and a zone of normal polarity near the Middle-Upper Cambrian boundary (Fig. 2) . The frequency of reversals in the Upper Cambrian was about one order-of-magnitude lower than in the Middle Cambrian. The magnetic polarity sequence presented here further supports the conclusion (Gallet & Pavlov, 2001 , Gallet et al. 2003 , that the geomagnetic reversal frequency was very high during the Middle Cambrian, probably the highest in the Phanerozoic. Table 2 . Sr-isotopic data from the Kulyumbe section and associated C-and O-isotopic and trace elemental data. Table 3 . Strontium isotope results of leaching experiments. Samples were leached for analysis using 1) 2.5 N HCl on bulk carbonate powder; 2) 1 M acetic acid on bulk carbonate powder; 3) 0.01 N HCl preleach and 4) 1 M acetic acid on remaining powder after preleach. The leachate from technique 4 was systematically the least radiogenic and presumably most pristine of all the leachates, and so was used for all the reported analyses. Table 4 . List of trilobite species from the Kulyumbe section.
